Coriander (Coriandrum sativum L., Apiaceae) is known for its antimicrobial activity and the aim of this study was to investigate the effect of its essential oil (CDO) against multidrug resistant uropathogenic Escherichia coli (UPEC). CDO was able to inhibit the growth of UPEC strains and propidium iodide uptake, and electron microscopy examination suggested that bacterial structural modifications occurred. The presence of CDO reduced the MIC of gentamicin. E.coli adhesion efficiency on cell monolayers and abiotic surfaces was not affected by subMIC oil concentrations; furthermore, CDO showed cytotoxic activity towards the HEp-2 tumor cell line. These findings contribute to the knowledge about essential oils as sources of potential antimicrobial agents against uropathogenic E. coli and encourage further investigations.
Treatment of urinary tract infections (UTIs) has become more demanding due to the increase in antimicrobial resistance of urinary pathogens worldwide. Uropathogenic Escherichia coli (UPEC) is the most common microorganism of UTIs in humans in both hospital and community [1] [2] [3] [4] . The considerable therapeutic challenge of persistent infections caused by multidrug-resistant (MDR) bacterial strains stimulates the search for effective antimicrobial agents [5] .
Coriander (Coriandrum sativum L., Apiaceae), an annual herb native to the Mediterranean region and spread worldwide, is used as a spice and medicinal plant because of many biological effects [6] [7] [8] . Antimicrobial activity of coriander against both Gram-positive and -negative bacteria, as well as Candida strains, has been investigated [9, 10] . The aim of this study was to examine the activity of a commercial essential oil from seeds of C. sativum (CDO) towards UPEC properties: antibacterial response, biofilm formation and cell adhesion capability.
GC-MS analysis of CDO solution showed that heterogenic constituents were present. In particular, the monoterpenoid linalool was the major constituent of the oil, representing about 70% of the total (Table 1) . α-Pinene (9.9%), p-cymene (4.9%) and camphor (4.0%) were found in appreciable amounts; other identified components ranged from 2.5% (limonene) to 0.3% (3-carene) .
Two MDR strains were chosen from E.coli isolates from inpatients with UTIs: ECP19 and ECP32 were both resistant to ampicillin, ciprofloxacin, gentamicin (GEN), kanamycin, streptomycin, trimethoprim-sulfamethoxazole, and the latter showed also the production of extended-spectrum β-lactamases. Coriander oil inhibited the growth of UPEC and control strains at 6.25 mg/mL concentration.
The MBC determination (lowest concentration of oil killing 99.9% or more of inoculum) showed values higher than the MICs for a. Standards available from commercial sources were injected to confirm the identification. b. Kovats Index (KI) values were experimentally measured by using a nalkanes mixtures (C 8 -C 24 ) on the HP-5MS column. c. Literature values (see references [23] [24] [25] ).
control and ECP19 strains (two and four times respectively); for the ECP32 strain, the MBC and MIC were equal (6.25 mg/mL). The effect of CDO on E. coli cell integrity was investigated by testing propidium iodide uptake. The toxicity values towards E. coli ECP32 were higher with respect to ECP19, although not statistically significant ( Figure 1 ). The effect of oil on bacterial morphology was evaluated by scanning electron microscopy ( Figure 2 ). Cell surfaces of treated bacteria were remarkably damaged and cell outer membranes became irregular and collapsed at bacterial poles. Untreated cells appeared intact in shape and morphology. Electron microscopy confirmed that morphological modification occurred in both multidrug-resistant uropathogenic and control strains.
The combined action of CDO and gentamicin, expressed as fractional inhibitory concentration index (FICI) ( Table 2) , indicated a prevalently additive effect towards multidrug resistant E. coli strains, with FICI values >0.5 at all CDO concentrations tested. The effect of oil against human tumor cell lines HEp-2 was determined by the MTT assay and expressed as percentage of cytotoxicity compared with control untreated cells. Cell viability ( Figure 3 ) was significantly impaired following CDO treatment (P< 0.05) starting higher oil concentrations caused cell damage (68% ± 1 SD for 0.39 mg/mL and of 80% for both 1.56 mg/mL ± 3 SD and 0.78 mg/mL ± 2 SD). Concerning the adhesiveness to epithelial cells, the ECP32 strain was able to adhere to the HEp-2 cell line more efficiently than to ECP19 and E. coli ATCC 25922 strains. Neither CDO bacterial pretreatment ( Figure 4 ) nor addition of oil during the infection step (data not shown) affected the adhesion ability to monolayers. ECP32 and ATCC 25922 strains were better biofilm formers than ECP19. However, adhesion to abiotic surfaces of all strains was not affected by sub MIC concentrations of oil (data not shown). Different factors can influence both the qualitative composition and individual components of essential oils. The partial agreement between GC-MS data from different batches of the same CDO brand [10] emphasizes the variability of the chemical composition influenced by features such as genetic, seasonal, geographic, extraction methods and storage conditions [9, [11] [12] [13] [14] .
C. sativum is known to produce essential oils with antimicrobial activity towards several environmental and opportunistic microorganisms such as Klebsiella pneumoniae, Proteus mirabilis, and Acinetobacter baumannii [11, 12, 15] . Our data confirm antibacterial activity against multidrug resistant clinical E. coli isolates that are either inhibited or killed in vitro at concentrations below 1% v/v of essential oil. Propidium iodide and electron microscopy assays suggested a CDO activity on membrane permeability. Some authors supposed that CDO susceptibility of Gram-negative strains is linked to altered membrane permeability influencing other cellular functions, such as membrane potential, and respiratory or efflux pump activities. Furthermore a synergistic interaction between essential oils and antibiotics has been reported [16, 17] .
In our study, CDO reduced the MIC of gentamicin for both reference and UPEC strains, but while the FIC index for E.coli ATCC 25922 was close to 0.5 at the lowest CDO sub MIC concentrations, in clinical strains the combination did not exert a clear synergistic behavior. It is well known that linalool displays antiproliferative activity against tumour cells and induces apoptosis of a variety of leukaemia cells [18] . The results indicating a significant impairment in viability of tumor epithelial cells treated with CDO, are in agreement with studies showing oil toxicity on the HEpG2 cell line [18, 19] .
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Essential oils have been shown to influence bacterial adhesion to biotic and abiotic surfaces [14, [20] [21] [22] ; in our experimental conditions, the bacterial pretreatment with CDO did not modify either the biofilm formation or the adhesion to epithelial cell monolayers. Overall results encourage further study and point out that CDO could represent a significant tool to develop antimicrobial combined formulations. Further studies exploring biological effects and potential applications of plant derivatives are required.
Experimental
Bacterial strains: E. coli strains (ECP19, ECP32) were isolated from patients with urinary infections; identification and susceptibility tests were performed by VITEK-2 System (AST N-202). E.coli ATCC 25922 was used as a control.
Gas chromatography/mass spectrometry (GC/MS) analysis:
The CDO used in the study was obtained from a commercial source (Talia, Roma, Italy, http://www.taliaessenze.com) and analyzed by GC/MS, using an Agilent Technologies 6850 GC coupled with an Agilent Technologies 5975 MS, equipped with a HP-5MS capillary column (5% Phenyl 95% Methylpolysiloxane, 30 m x 0.25 mm i.d., film thickness 0.25 µm; Hewlett-Packard, CA, USA). Oven temperature was kept at 40°C for 5 min, then raised to 200°C at 5°C/min, and left at this temperature for 60 min. The flow rate of the helium carrier gas (99.995% purity) was set at 1.0 mL/min. The analyzed solutions were prepared by dissolving the pure CDO in cyclohexane, to obtain a 10 -3 M solution; this was injected without further processing. Typically the analyzed volume of CDO solution was 1 µL, in splitless mode, followed by a split ratio of 1:40. The mass spectrometer parameters were set as follows: solvent delay of 6 min, source temperature 230°C, injector temperature 250°C, quadrupole temperature 150°C, and mass scan carried out over the 50 -350 m/z mass range.
The CDO components were identified by comparing their EI mass spectra to those available from online libraries (NIST 11, Flavor2 and NORMAN MassBank). Kovats retention index values were experimentally measured by using n-alkanes mixtures (C8-C24) on the HP-5MS column, and then compared with the values reported in the literature [23] [24] [25] . Furthermore, the identity of several compounds was confirmed through injection of standards available from commercial sources. The relative abundances of the CDO constituents obtained by manual integration of GC/MS peak areas calibrated by factor corrections relied on the addition of an internal standard.
Determination of minimum inhibitory concentration and minimum bactericidal concentration:
Minimum inhibitory concentrations (MIC) for gentamicin (GEN) (range 32-0.0125 μg/mL) were determined according to the National Committee of Clinical Laboratory Standard (CLSI, http://clsi.org/). MICs of CDO were estimated by the broth dilution method in microtiter plates, by serial twofold dilutions, from 50 mg/mL to 0.048 mg/mL in Luria Broth (Oxoid) plus Tween 80 (0.02%) to increase oil solubility.
Propidium iodide uptake: E. coli strains, grown at mid log phase, were supplemented with CDO (1/4 MIC value) for 45 min at 25°C. Propidium iodide (PI), dissolved in 50 mM phosphate buffer, pH 6.0, was added to bacterial strains at final concentration of 5 µg/mL for 15 min at 25°C, then removed by centrifuging for 1 min at 4000 g. Quantitative PI staining was determined using oil treated samples, read by a spectrophotometer/fluorimeter reader (Perkin-Elmer, Massachusetts, USA) at 570 nm. Treated sample values were compared with a positive control sample in which a bacterial cell pellet was suspended in 300 μL of ice-cold sterile distilled water and treated with a 700 μL volume of ice-cold absolute ethanol at 4°C for 30 min. CDO toxicity (%) was calculated as follows: treated sample value -negative untreated sample value/ positive control value -negative untreated control value X 100.
Scanning electron microscopy (SEM):
To evaluate the effect of the essential oil on the morphology of E. coli strains, SEM was performed. CDO, at MIC and sub MIC concentrations, was added to E. coli cultures. After incubation for 1 h at 37°C, the samples were washed twice with PBS (pH 7.4), and suspended in 2.5%, v/v, glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). After overnight fixation at 4°C, suspensions were put onto glass slides coated with poly-L-lysin. After bacterial adhesion and washing with 0.1 M cacodylate buffer, samples were post-fixed with 1% OsO4 in 0.1 M cacodylate buffer (pH 7.4), dehydrated in ethanol-water mixture with increasing ethanol concentrations (65%, 75%, 85%, 95%, and 100%), and dried with hexamethyldisilazane (HMDS, Sigma-Aldrich, St Louis, MO) to remove fluids. Dehydrated specimens were coated with a thin film of Au and morphological analysis was performed in an Ultra-high resolution Field Emission Gun Scanning Electron Microscope (FEG-SEM, FEI Company) at 20 KV. The images were processed for display using photoshop (Adobe Systems Inc., San Jose, CA, USA) software.
Checkerboard assay: Dilutions 1/2, 1/4, 1/8 and 1/16 of the CDO MIC value were prepared in a series of two fold serial dilutions of GEN (range 32-0.03 μg/mL) [26] . Wells were inoculated with 10 µL of 1x10 6 CFU/mL of bacterial strains and incubated at 37°C for 18-24 h. Analysis of the combination of substances was carried out by calculating the fractional inhibitory concentration (FIC). The FIC index (FICI) was calculated dividing the MIC of the combination of CDO and the reference antimicrobial by the MIC of either the CDO or reference antimicrobial tested alone. FIC for oil = MIC of oil in combination with antimicrobial drug/MIC of oil alone; FIC for antimicrobial drug = MIC of antimicrobial drug in combination with oil/MIC of antimicrobial drug alone; FICI = FIC of oil + FIC of antimicrobial drug. When the FIC index of the combination was equal to or less than 0.5, the combination is termed as synergic; when the FIC index was between 0.5 and 2.0, it indicated an additive or indifferent effect between the agents, and a value > 2 indicated antagonism between the two compounds [26] .
Bacterial biofilm-forming ability: E. coli (1.0 × 10 6 CFU) was inoculated into 200 μL of LB containing CDO concentrations, 1/2, 1/4 and 1/8 of MIC value for each strain. Quantification of biofilm production was performed after 48 h of incubation at 26°C. The ability of the strains to adhere to the plates was assessed by 1% crystal violet staining. The optical density (OD) at 590 nm of each well was measured to determine biofilm formation.
Cell culture: HEp-2 human epithelial cell lines (ATCC CCL23, American Type Culture Collection, MD, USA) were maintained in Eagle's minimal essential medium (MEM; Sigma Chemical Co., USA), supplemented with 10% fetal bovine serum (FBS; Gibco-BRL), penicillin (10 U/ mL), and streptomycin (10 μg/mL).
Cytotoxicity assay:
Coriander oil cytotoxicity was determined using the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. HEp-2 cells (2 × 10 5 /mL) were plated in a 96-well microplate and incubated at 37°C for 24 h in 5% CO 2 . The cells were then treated with two-fold serial dilutions of coriander oil, prepared in MEM with FBS (10%). After incubation at 37°C for 24 h in 5% CO 2 , 20 μL of a 5 mg/mL MTT solution in PBS was added to each well, and the plates were incubated for an additional 3 h. The supernatants were then removed and 100 μL of dimethyl sulfoxide was added to each well. After the formazan crystals dissolved, the OD at 570 nm was determined with a spectrophotometer/fluorimeter microplate reader (Perkin-Elmer, Massachusetts, USA). The cytotoxicity of the treated cells was defined as percentage of cell viability compared with control nontreated cells (100% viability).
Quantifying bacterial adherence: Bacteria were grown in LB at 37°C for 48 h under static conditions to promote expression of type 1 pili [27] . HEp-2 cells, seeded into 24-well plates, were infected with bacteria pretreated with different concentrations of CDO (25 and 50 µg/mL) for 1 h at 37°C (multiplicity of infection, MOI 10), centrifuged twice (500 g, 2.5 min) to promote bacterial adherence to the cell monolayer and to reduce the incubation time of infection, and incubated for 2 h (37°C, 5% CO 2 ). Wells were rinsed 4 times with PBS and, to measure bacterial adherence, cells were lysed with 0.1% cold Triton X-100 (Calbiochem) and plated onto Trypticase Soy Agar. Bacterial adhesion was defined as the percentage of attached bacteria compared with the initial inoculum.
Statistical analysis:
Each experiment was performed in triplicate and all values are reported as mean ± standard deviation (SD). The data were statistically analyzed by one-way analysis of variance (ANOVA). A p value ≤ 0.05 was considered statistically significant.
Conflict of Interest:
The authors declare no conflict of interest.
